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even though we simulated optimal visibility conditions, with no significant 3

atmospheric attenuation or distortion of the energy received by the imaging
sensor, <
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recognized almost immediately. In the case of the 30,000 ft. starting slant
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the performance data were subjected to a stepwise multiple regression analysis

to identify those factors having the greatest impact on target detection and e
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PREFACE

This report presents the results of a three year program of research designed
to examine target acquisition performance of observers viewing dynamic sensor
imagery. The first phase was devoted to mission and operations analysis, a review
of the variables influencing target acquisition performance, and the definition of
experimental procedures. Data collection, analyses, and operator performance
modeling were completed during phases two and three. The program, sponsored by
Dr. Alfred R. Fregly, was conducted by the McDonnell Douglas Astronautics Com-
pany - St. Louis Division for the Air Force Office of Scientific Research under
contract F49620-77-C-0100. Mr. William N. Kama of the Air Force Aerospace Medical
Research Laboratory served as Technical Monitor. Dr. Frank E. Gomer and Dr. Larry
R. Beideman of the McDonnell Douglas Astronautics Company - St. Louis Division
were Program Manager and Prilncipal Investigator, respectively.
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1.0 INTRODUCTION

One of the most immediate and demanding requirements for tactical aviation
is a day/n%ght, all-weather attack capability against mobile, tank-size targets
operating within heavily defended battle zones. To meet this requirement, imag-
ing sensor systems must be incorporated for target detection/recognition (Ory,
Schaffer, Jaeger, and Kishel, 1975). Because of the nature of the targets and the
surrounding terrain, feature extraction and image enhancement by computer are not
sophisticated enough at the present time to provide a fully automated target
acquisition system.

It follows, then, that the effectiveness of an imaging sensor must be defined
in terms of the success with which an operator is able to identify targets that
are displayed on cathode ray tubes (CRTs). A great deal of information is avail-
able concerning the perception of displayed imagery when normal- or low-light-
level television (TV) sensors are used (Barnes, 1978; Erickson, 1978; Jones,
Freitag, and Collyer, 1974). However, all-weather considerations for imaging
systems have clearly established the need for additional data relating operator
performance to infrared (IR) sensor presentations.

While TV sensors function within the visible portion of the electromagnetic
spectrum, IR sensors are responsive to emitted and reflected thermal energy. When
the outputs of IR sensors are imaged, luminance distributions within the displayed
scene represent thermal gradients across the terrain and target areas. Therefore,
unique spatial cues may be available to the operator as he scans the display for
potential targets. Consistent with TV sensor systems, however, the detector
characteristics and array configurations of the newer IR sensors provide high
resolution imagery with excellent detail of a pictorial nature.

The purpose of this three year program has been to study detection and
recognition processes as operators view dynamic IR or TV imagery for target
acquisition purposes. In the design of our experiments and in the development of
our part-task simulation, we have placed importance upon the operational factors
which impose limitations upon the utilization of sensor systems during attack
missions. Moreover, within the context of our simulation techniques, we have

1
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attempted to specify performance differences which can be attributed to inherent
differences between IR and normal-light-level TV target signatures. The first
year was devoted to outlining a realistic mission scenario, reviewing the perti-
nent literature to identify the variables affecting target acquisition perform-
ance, and defining a research program to examine basic perceptual processes
related to dynamic target acquisition. The execution ot the experimental plan and
the analysis of the data were completed during the second and third years. Also,
an empirical model of dynamic target acquisition was dJenerdted during the final }

year.

—
ras ot

The philosophy we have foliowed throughout is that basic research programs
which seek to interpret or model complex perceptual judgements must include
investigations that adequately represent the dynamic display conditions encoun-
tered by operators of actual imaging systenms. '

1.1 MISSION SCENARIO
In order to provide a realistic simulation of an interdiction mission, a set

of boundary conditions was established that considered probability of mission
success and aircraft survivability, especially with respect to such variables as

range-to-target and altitude. The maximum range at which an operator can acquire
a target is a function of target size and sensor capabilities. Aircraft alti-
tudes, which allow successfui target acquisition, are limited by terrain masking,
cloud cover, and antiaircraft defenses.

1.1.1 Basic Mission Assumptions - A heavily defended European theatre and

Eastern Block adversary were assumed. (Refer to Figure 1-1 for targets of oppor-
tunity.) Air missions were to be flown against individual tanks and support
vehicles which exhibited a range of thermal activity from hot (operating and
firing) to cool (parked and inactive). Aircraft were directed to known geograph-
ical areas saturated with targets. While the battle zone was designated free-
fire, weapon release was dependent upon accurate target classification. Air cover
was assumed to eliminate air threats during the air-to-ground strike phase of the
mission.

?
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FIGURE 1-1 DISTRIBUTION OF TARGETS BEHIND
THE FORWARD EDGE OF THE BATTLE AREA (FEBA)

1.1.2 Aircraft Operational Flight Envelope - Researchers and engineers

have tried to develop techniques for decreasing the vulnerability of attacking
aircraft to the formidable defensive array presented by modern antiaircraft
weapons. Stand-off range is one of the most important factors in determining the
survivability of an attacking aircraft (Levine, Beideman, and Youngling, 1978).
For example, the range of the Soviet ZSU-23-4 antiaircraft artillery is 2500
meters (Pretty, 1977). If an aircraft can accurately deliver ordnance beyond this
range, one of the major low-level air defense systems would be neutralized.

Analysis of air defense systems also has shown that tactics which include
high speed, low-altitude penetration contribute significantly to survivability
(Maney, 1973, Tobin, 1976, Transue, 1971). Tactics, developed for the A-10 during
exercises in Europe, indicate successful implementation of a low-altitude ingress
with altitudes as low as 100 feet (Brown, 1977). With low-altitude approaches,
pop-up maneuvers (see Figure 1-2) are required to achieve an unmasked ine-of-
sight to the target and for delivery of certain types of ordnance.

Environmental constraints of weather and terrain masking present the most
severe restrictions on the flight profile. Analyses of terrain masking in the
European theatre have shown that an altitude of at least 5000 feet is required to

k|
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FIGURE 1-2 POP-UP MANEUVER DURING PRE-I'LANNED INTERDICTION MISSION

obtain a clear line-of-sight to the target at a 30,000 foot slant range (see
Figure 1-3). Weather data (see Figure 1-4) indicate that this altitude will be
below the yearly average ceiling approximately 65 percent of the time {using the
average for Germany).
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FIGURE 1-3 TERRAIN MASKING AS A FUNCTION OF ALTITUDE
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FIGURE 1-4 PROBABILITY OF CEILING FOR GERMANY

1.2 FORWARD-LOOKING SENSOR CONFIGURATION
Forward-looking sensors are typically set at a fixed depression angle or

gimballed to track a point on the ground (see Figure 1-5). In the former case,
the sensor imagery will move down or across the display as the aircraft travels
forward, giving rise to a moving-window presentation. The tracking sensor, on the
other hand, will present a relatively stationary image of a ground area since the
sensor orientation continuously compensates for the forward movement of the
aircraft. A list of differences in image dynamics attributable to these confiqu-
rations is shown in Figure 1-6. Ffor moving window displays, the image moves
across the display at a rate proportional to the speed of the aircraft., OQur
earlier research with moving-window displays indicated that insufficient time is
available for target acquisition at the higher aircraft velocities (Levine and
Youngling, 1973). In fact, with some flight profiles, less than three seconds are
available to acquire a target on the display. A stabilized-image presentation,
on the other hand, reduces the time-on-display problem, but it may create new
problems from a perceptual standpoint. Assuming a fixed field-of-view (FOV),
successively smaller terrain areas are imaged on the display as the aircraft
approaches the target location. The observer must search a display in which the
scene appears to be expanding outward as the objects on the qround are being
imaged at a prograssively larger scale. In additicn, targets offset from the

5
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FORWARD — LOOKING SENSOR CONFIGURATION
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center of the sensor FOV will migrate toward the edge of the display (see Figure
1-7). Despite the perhaps unfamiliar image dynamics, ground-stabilized sensors
can be very effective for target acquisition purposes (Bruns, Wherry, and Bittner,
1970; Bruns, Bittner, and Stephenson, 1972; Levine and Youngling, 1973).

e e e ——

1.3 STUDY VARIABLES
We have assumed a low-altitude penetration followed by pop-up to a higher "
altitude in order to achieve a clear line-of-sight to the target. Further, a

ground-stabilized sensor presentation has been simulated, as well as daytime
conditions with optimal visibility.

Stand-off range was identified earlier as an extremely important factor with
regard to survivability. Sensor/display systems must be designed to provide
sufficient image detail for target identification to occur beyond the effective .
envelopes of antiaircraft defenses. We have simulated initial slant ranges to
target of 5,000, 15,000, and 30,000 feet. These ranges are appropriate for

various aircraft and ordnance characteristics, as well as for classes of imaging :
missiles. '3

]
TARGET SIZE ON DISPLAY 9-1536 i

ORIGINAL AREA IMAGED

/— DISPLAYED AREA

TARGET OFFSET %
TIME 1 TIME 2 TIME 3 . i
FIGURE 1-7 ZOOMEFFECTS WITH GROUND STABILIZED SENSOR E
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The specific parameters which were selected for examination in all studies
include target type, target signature, background scene complexity, and closure
rate.

1.3.1 Target Type - Two important attributes of a target, which influence
the design and configuration of sensor systems that are used for target acquisi-
tion purposes, are its size and internal detail. A tank, a truck, and a half-
track are important tactical targets in the Eastern European theatre. While these
targets have different contours and internal details, the similarities with
respect to size and chassis provide a moderately difficult target identification
task.

For a specific magnification factor associated with the optical elements of
an imaging sensor system, target size on the display can be determined from a
knowledge of the sensor FOV and depression angle and the slant range to target.
Further, for a given sensor depression angle, target size on the display is
approximated by the equation:

|
N

I
1l
N
1
1

1

_ S
TS—SD T
(RS) tan FOV
where: TS = Target size on display
SD = Display size
. Rs = Slant range
i

ST = Target size perpendicular to sensor line-of-sight
FOV
As the depression angle approaches 90°, the length and width of the target deter-
mines its image size. At small depression angles, the height of the target |

g e a S

Field-of-View of sensor

becomes the major determinant of its image size (see Figure 1-8). A 1.5° sensor
FOV was selected to assure sufficient target size and resolution on the dis-
play for the slant ranges and the 10° depression angle we have simulated in our

experiments.

1.3.2 Target Signature - The term “signature" refers to attributes of the r
displayed image which are characteristic of a particular target. In the case of w
:

IR imagery, we are most concerned with luminance distributions representing

8
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FIGURE 1-8 DETERMINATION OF TARGET IMAGE SIZE

temperature differences between adjacent areas of the target and between the
target and the immediate background. Differential emissivity, internal heating,
and friction from moving parts contribute to the thermal pattern of a given
vehicle. While ambient temperature, directionality of solar irradiation, humidity,
and wind will, in fact, modify these target-specific IR features, the basic
thermal pattern remains fairly constant under a variety of conditions. ¥

For these studies, two classes of IR signatures were required, representing
both active and inactive vehicles. The active targets were modeled after vehicles
which recently had been traveling and the corresponding signatures showed the
typical "hot" cues of luminous engines and treads/or wheels. Inactive vehicles,
on the other hani, while retaining some heat, were assumed to exhibit temperatures
which were more similar to those of the background areas. In addition to the
two classes of IR signatures, we included a third target signature which was
representative of normal-light-level TV imagery (see Figure 1-9). ) !
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The displayed target signatures can be modified by the sensor and display
electronics. Brightness and contrast adjustments can dramatically change the
luminance distributions within the target and the background. Also, extreme
temperature signals will cause the sensor system to alter its gain and mode of
response, and as a result, all lower temperature regions will be imaged as nondis-
criminable dark areas. Observers often manipulate display contrast directly to
achieve this effect and thus maximize the effectiveness of IR "hot spots" as cues
in target detection.

1.3.3 Background Scene Complexity - The background in which a target is

located significantly affects target acquisition. Clearly, the surrounding
terrain within the displayed image constitutes a particularly potent source of
interference. The terrain may contain complex, clutter objects which share
similar perceptual features with the target - features such as size, contrast,
or color. The number of common features, the physical proximity of clutter to
the target, and the total number of clutter elements interact to influence the
difficulty that the observer will experience in extracting the target from the
surrounding terrain and in identifying the target quickly.

There is, however, considerable difficulty in defining and objectively
measuring background scene complexity. Zaitzeff (1977) refers to ambiguity, the
number of possible target areas, and heterogeneity, the variety of feature differ-
ences in the background. Both attributes are usually measured subjectively.
However, Rhodes (1964), in a study of target detection using air reconnaissance
photographs, stated that "... raters were able to make highly reliable and seem-
ingly valid judgements about the complex perceptual characteristics of aerial
photographs.”

We used a rater judgement technique (with the Zaitzeff criteria) as a means
of scaling background scene complexity. Ten MDAC employees, five male and five
female, with corrected 20/20 near visual acuity served as subjects. All subjects
volunteered and were familiar with aerial photography.

Forty-eight 6 x 7 1/2 inch photographs of the McDonnell Douglas Terrain Map
were chosen for rating purposes. The scenes ranged from flat areas with no
clutter to areas having almost total tree cover. The photographs simulated a 1.5°

sensor FOV, with a 10° depression angle.
11
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The subjects were required to make a judgment of the complexity of the
background scene on a five point scale. Three photographs, selected by three
experimenters, representing low (1), medium (3), and high (5) scene complexity,
were available to the subjects as a reference. Judgements were made by the
subjects following an initial review of all photographs.

Photographs were chosen for inclusion in the experiment if they met the
criteria of small inter-rater judgmental variance and had assigned values close to
one, three, or five. Scenes typical of the three levels of complexity selected
for the studies are shown in Figures 1-10, 1-11, and 1-12.

1.3.4 Closure Rate - The closure rates we have simulated (following pop-up)
were intended to be representative of the attack velocities of helicopter gun-
ships, fixed-wing aircraft, and imaging missiles. Moreover, since the simulated
flight path of the vehicle maintained a constant aspect angle with respect to the
target (the vehicle essentially would dive toward the target from the point of
maximum altitude), aircraft speed and closure rate have the same value.

12

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY -8T. LOWIS

v v —

g R

TP W

F T [




MDC E2305 ‘
DYNAMIC TARGET ACQUISITION 29 AUGUST 1980 1
!

9-2029

A ¢
.

A

kN

i
|
i
|
i
!
H
1

FIGURE 1-10 LOW BACKGROUND SCENE COMPLEXITY
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FIGURE 1-12 HIGH BACKGROUND SCENE COMPLEXITY
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2.0 METHODS

2.1 EXPERIMENTAL DESIGN

The three studies (each referring to a different initial slant range to
target) were conducted within the framework of a 3 by 3 by 3 by 3 by N factorial
design representing: target signature (active target FLIR, inactive target FLIR,
and TV); target type (tank, truck, and half-track); background scene complexity
(low, medium, anq.high); closure rate (250, 500, and 1000 ft/sec); and subjects
(N). For each Tevel of background scene complexity, nine distinct terrain areas
were incorporated, as depicted in the block diagram of the design (see Figure
2-1). A counterbalancing procedure determined the assignment of specific signa-
tures, targets, and closure rates to a particular terrain area.

Test trials were blocked according to target signature. Thus, all target
types, levels of background complexity, and closure rates were presented randomly
for a given signature condition before the next signature condition was evaluated.
The order in which signature conditions appeared was counterbalanced for the
subjects. There were thirty-six test trials for each signature condition. On
nine of these trials {three levels of background scene complexity by three clo-
sure rates), no targets were presented within the displayed scene.

Dependent measures for detection and recognition included:
0 Accuracy

0 Response Time (latency)

o0 Slant Range

o Target Size on the Display

2.2 SUBJECTS

Twelve male college students, involved in a cooperative engineering program
at McDonnell Douglas, volunteered to participate in the experiments. The stud-
ents were 20-23 years of age, with at least 20/20 near visual acuity (Titmus
Vision Tester, Landolt C Slides). All subjects participated in Experiment [-5,000
ft initial slant range. The same subjects were randomly assigned to either
Experiment Il or III (six per experiment), representing a 30,000 or 15,000 ft
initial slant range, respectively. The students were administered the Raven
Progressive Matrices Test to measure comprehension and reasoning abilities for
visuospatial materials. All placed above the 90th percentile.
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2.3 APPARATUS
More complete information concerning the generation of authentic target

signatures has been reported elsewhere (Levine et al., 1978). In general, indi-
vidual targets (scaled at 285:1) were placed at various oblique angles with regard
to sensor line-of-sight and in different background areas on a 104 by 26 ft |
three-dimensional terrain map (see Figure 2-2). At this scale, the detail on the P

9 22:

FIGURE 2—2 THREE DIMENSIONAL TERRAIN MAP o
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map was sufficient to simulate bushes and scrub trees (see Figures 1-11 and 1-12).
A pseudo-thermal colorimetry technique was used to create the film imagery dis-
played in the study. For a specific IR signature condition (active target or
inactive target), portions of the vehicle were painted to model the appropriate
temperature pattern. The targets and the surrounding terrain areas were photo-
graphed with either a Mamaya (Experiment 1) or Hasselblad (Experiments Il and
II11) camera, fitted with a Kodak Wratten filter. Different color coding/filter
combinations produced variations in the simulated sensor imagery. When the
imagery was displayed, the target signatures had luminance distributions which
approximated those within actual IR imagery that served as a standard for compar- @*.
ison. The pseudo-thermal colorimetry technique assured a broad dynamic range with g
respect to gray shades when "hot" target features were displayed. Moreover, by

changing the color coding of the targets, we were able to simulate normal-light-

level TV signatures as well.

Extender lenses were attached to the cameras to obtain simulated 1.5° FOV
imagery at the appropriate scale for each initial slant range. Further the
cameras were positioned above the terrain map to provide a 10° sensor depression
angle. Simulated pop-up altitudes were 868 ft, 5209 ft, and 2605 ft for Experi-
ments I, II, and III, respectively.

Positive transparencies were made of the 108 photographs (36 per signature
condition) taken in this manner (see Figures 1-10 through 1-12, examples of
positive prints). The transparencies were mounted on glass slides (9 per slide)
which were placed in an X-Y transport. Light was projected onto a glass diffusing
surface located behind the slide to back-illuminate the transparencies. Two
circular polarizers interposed between the projector and the diffusing surface
provided intensity control and a uniform projection of light across each image.
From the image plane, the light was collimated before passing through a servo-
controlled zoom lens (20:1). The light was then collimated a second time before
entering a Telemation TMC 2100 TV camera. The TV camera provided the video input
for the Hitachi Model VM 905AU TV Monitor (525 lines, 3:4 aspect ratio, 9 in.
diagonal) which was used in the study. Video signals were calibrated electron-

ically for pedestal and sync levels, and the display settings were established
from photometric readings (light/dark ratio of at l=ast 20:1). Figure 2-3 pre-
sents the total system (optical assembly/camera/display) square wave response.

19
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FIGURE 2-3 TOTAL SYSTEM SQUARE WAVE RESPONSES AT ZOOM SETTINGS USED IN STUDY

A PDP-8 minicomputer and associated peripherals controlled all aspects of
the experiments and collected and stored the data. The image dynamics described
earlier for ground-stabilized sensors were simulated by varying the functional
characteristics of the zoom system. Thus, the focal length of the zoom lens
determined slant range to the target at any point in time, while the rate of
change in focal length determined closing velocity. Finally, movements of the X-Y
transport allowed some freedom in simulating operator-initiated changes in sensor
aimpoint.

The TV monitor was mounted in a console that was oriented at 120° with
respect to the observer's horizontal line-of-sight (Figure 2-4). A red light-
emitting dyode (LED) was centered above the display, and a 2-axis force, joystick

20
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FIGURE 2—-4 DISPLAY CONSOLE AND CONTROL STICK

(Measurement System, Inc., Model 435 MS-151) was positioned in front of the
console. The control stick had a two-position trigger attached to the back and
three response buttons mounted on the upper face. Three target identification

keys were housed in a separate response box to the left of the console.

2.4 PROCEDURE

For Lxperiment [, two ses ions per subject were required to complete visual
screening, training, and experimentdl testing. The first session was devoted to
visudl acuity and Raven Progressive Matrices testing, as well as to extensive
training on the target acquisition task. For txperiments Il and Ill, two sessions

also were employed, the first for training and the second for testing.

Before the training trials were initiated, the subject read a detailed
description of the task requirements (see Appendix A). A verbal explanation was
then given, and the response options were demonstrated. The subject was shown
positive prints of each tarqget for each siqnature condition, and the distinguish-
tny features were noted. These decision g1ds were avallahle at the console during

all training trials,
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The subjects were told that the displayed scenes were representative of those
a pilot or rear seat operator would see as the aircraft approached a target area
following pop-up. They were permitted to assume a comfortable viewing distance
from the TV monitor (see Table 2-1). Ambient illumination, measured at the dis-
play face, was approximately 4 ftC.

Table 2-1 Mean Viewing Distance from the Display

Experiment Mean {In Range (In

I (5,000 ft) 24.2 1829
IT (30,000 ft) 19.0 17-20
111 (15,000 ft) 22.7 21-25

Detailed procedures were as follows. A tone was presented one second prior
to the start of each trial. Intertrial intervals were approximately 10 sec,
although 5 min rest periods were allocated between signature conditions. Between
trials, a uniform gray field was displayed. When the trial began, the simulated
sensor imagery (corresponding to the appropriate initial slant range) and an

electronically generated cross hair were displayed. Again, the image dynamics
were representative of a ground-stabilized sensor configuration. As soon as the
subject detected a target, he was to position the cross hair over it by moving the
control stick. He then was to pull the trigger to the first position in order to
designate the target's location. This initiated lock-on, as coded by illumination
of the LtD, and it removed the cross hair from the display. It also resulted in 4
"reaiming of the sensor" (movement of the X-Y transport), so that the suspected
target was situated directly in the center of the displayl. wWhen the subrect
was certain that he recognized the target (tank, truck, or half-track), he pulled
the trigger to the second position to simulate weapon reledse. This second
trigger pull terminated the trial, and the subject then 1dentitred *he target hy
pressing the appropriate key on the response box. [n those instances when the
subject recoqgnized the type of target as soon as he detected 11, he was 1nstructed
to pull the trigger through both positions without waiting for the target to be

centercd.
! At the beqinning of those trials with a target present, 't would appear '
anywhere within the center two-thirds of the die,lay.
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If the subject determined that the placement of the cross hair and, conse-
quently, the detection response (first trigger pull) had been incorrect, he
could break lock-on by pressing the center button on the upper face of the control
stick. This caused the cross hair to reappear, and the subject could slew it to a
d